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The mechanism by which origin recognition complexes (ORCs) identify replication origins was investigated
using purified Orc proteins from Schizosaccharomyces pombe. Orc4p alone bound tightly and specifically to
several sites within S. pombe replication origins that are genetically required for origin activity. These sites
consisted of clusters of A or T residues on one strand but were devoid of either alternating A and T residues
or GC-rich sequences. Addition of a complex consisting of Orc1, -2, -3, -5, and -6 proteins (ORC-5) altered
neither Orc4p binding to origin DNA nor Orc4p protection of specific sequences. ORC-5 alone bound weakly
and nonspecifically to DNA; strong binding required the presence of Orc4p. Under these conditions, all six
subunits remained bound to chromatin isolated from each phase of the cell division cycle. These results reveal
that the S. pombe ORC binds to multiple, specific sites within replication origins and that site selection, at least
in vitro, is determined solely by the Orc4p subunit.

Each time that a eukaryotic cell divides, it replicates its
genome once and only once. In the budding yeast Saccharo-
myces cerevisiae, the mechanism that regulates this process
begins with assembly of a single six-subunit origin recognition
complex (ORC) at specific sites along the genome and DNA
synthesis begins at or near the site where ORC binds (4). In S.
cerevisiae, these DNA replication origins consist of 100 to 150
bp that can act as autonomously replicating sequences (ARS)
and contain several noninterchangeable elements (34a). The A
element is an 11-bp ARS consensus sequence consisting of
(A/T)TTTA(T/C)(A/G)TTT(A/T) that is essential for origin
function and ORC binding. Three B elements are located at
the 3� side of the T-rich strand of the A element. These ele-
ments act as auxiliary sequences; they facilitate replication but
are dispensable under some conditions. B1 lies adjacent to the
A element and facilitates ORC binding. B2 is located further
away within an easily unwound DNA sequence referred to as a
DNA unwinding element. B3 is found in some, but not all,
replication origins, where it is a binding site for transcription
factor Abf1. Once a functional ORC:DNA complex is estab-
lished, it interacts sequentially with Cdc6 and Mcm2-7 proteins
to form a prereplication complex. A novel Mcm loading factor,
Cdt-1 protein, may also be involved (29). Prereplication com-
plexes are then acted upon by the protein kinases Cdk1/Clb5,
Clb6, and Cdc7/Dbf4 to allow Cdc45 to load DNA primase-
DNA polymerase � and initiate DNA synthesis. Since homo-
logues of all of these proteins are found throughout the eu-
karyotic kingdom and since most of them have been shown to
be required for initiation of DNA replication in other organ-
isms, the mechanism for initiation of DNA replication appears
to be highly conserved among the eukaryotes (5, 22).

Two differences between S. cerevisiae and other eukaryotes

have emerged that point to the interaction of ORC with DNA
replication origins as a critical regulatory step in determining
where and when DNA replication will occur. First, DNA rep-
lication origins in eukaryotes, such as the fission yeast Schizo-
saccharomyces pombe, Drosophila, and mammals, are much
larger and less well defined in terms of their genetically re-
quired cis-acting sequences than those in S. cerevisiae (3, 10, 31,
37). In fact, the number and locations of replication origins can
change during the early stages of development in both Dro-
sophila (45) and Xenopus (20), demonstrating that epigenetic
as well as genetic factors determine where initiation sites are
established in the metazoans. Second, although the ORC in
yeast appears to be stably bound throughout its cell division
cycle, the stability of one or more ORC subunits in mammals,
Drosophila, and Xenopus is cell cycle dependent (references 24
and 34 and references therein). Unfortunately, outside the S.
cerevisiae paradigm, the mechanism by which an ORC recog-
nizes its DNA binding site and establishes a functional ORC-
DNA complex is not yet understood. One solution to this
problem has been to extend the studies carried out on S.
cerevisiae to a related but evolutionarily distant organism with
more complex replication origins, such as S. pombe.

S. pombe, like S. cerevisiae, contains replication origins that
can exhibit ARS activity (13, 32). However, S. pombe replica-
tion origins are 500 to 1,500 bp in size and in general are a very
AT-rich sequence. Moreover, S. pombe origins do not contain
a core consensus sequence that is essential for origin function
(32), although they do contain more than one region that
significantly affects origin activity (8, 12, 23, 37). Each of these
regions is extremely AT rich (�80%) and highly asymmetric,
with adenines clustered in one strand and thymines in the
other. These results indicate that S. pombe replication origins
contain several functionally important DNA sequence ele-
ments whose functions are as yet unknown. The largeness and
sequence complexity observed in mammalian replication ori-
gins, together with the presence of several AT-rich regions,
suggest that S. pombe may provide a paradigm for understand-
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ing metazoan replication origins. In fact, initiation of DNA
synthesis at Drosophila (21) and human (1) replication origins
occurs in AT-rich sequences that are strikingly similar to those
identified as critical elements in S. pombe replication origins.
Moreover, S. pombe Orc4p is unique in that its N-terminal
domain consists of nine copies of an AT-hook motif that binds
preferentially to AT-rich sequences (7, 33) and that is required
for binding of Orc4p to DNA (7). Thus, it appears that Orc4p
may play a critical role in selecting initiation sites for DNA
replication in S. pombe. However, the precise role of Orc4p, as
well as the other ORC subunits, in origin recognition remains
unknown.

In an effort to answer this question, we took advantage of the
fact that it can be purified as an intact five-member complex
(the ORC-5 complex) consisting of the Orc1, Orc2, Orc3, Orc5
and Orc6 protein subunits (33). Orc4 protein (Orc4p) is ab-
sent, because it remains bound to DNA under conditions in
which the other five ORC subunits can be eluted, and it inter-
acts weakly with the other five Orc subunits (33). Therefore,
the Orc4 protein (Orc4p) was purified from insect cells ex-
pressing a cloned SpOrc4 gene. Using DNA band shift analy-
sis, DNA affinity chromatography analysis, and DNase I foot-
printing analysis, we determined whether or not Orc4p and the
ORC-5 complex, either alone or in combination, selected one
or more specific sequences within S. pombe replication origins.

The results revealed a novel mechanism for selection of
DNA replication initiation sites by a eukaryotic origin recog-
nition complex. Only the Orc4p subunit bound strongly and
specifically to several specific sequences within S. pombe rep-
lication origins. These sites were highly asymmetric AT-rich
sequences that corresponded to critical regions detected by
deletion analysis of S. pombe origins. In contrast, the ORC-5
complex bound only weakly and nonspecifically to the same
DNA sequences and altered neither the selection of DNA
binding sites by Orc4p nor the footprint that it produced.
Moreover, ORC-5 binding to DNA was strongly dependent on
the presence of Orc4p. Once bound to chromatin in vivo, all six
Orc proteins remained bound to chromatin isolated from dif-
ferent phases of the cell cycle under the same salt conditions
used to characterize interaction of these proteins with DNA in
vitro. Thus, the properties of these purified proteins suggest
that S. pombe Orc4p is solely responsible for selecting ORC
binding sites on DNA and that Orc4p targets the remaining
ORC subunits to replication origins.

MATERIALS AND METHODS

Purification of ORC-5 complex. A 15-liter culture of S. pombe h� ura4-D18
Orp1-3HA expressing an N-terminal hemagglutinin-tagged Orc1 protein (18)
was grown in yeast extract medium at 32°C (optical density at 595 nm [OD595] �
2 to 3). Cells were harvested and resuspended in 200 ml of buffer B (1.2 M
sorbitol, 20 mM potassium phosphate [pH 6.8], and 5 mM dithiothreitol).
Spheroplasts were prepared by addition to the culture of 0.2 mg each of lysoen-
zyme (Sigma) and Zymolyase (ICN) per ml and were incubated at 30°C with
gentle swirling until most of the cells could be lysed in the presence of 1% sodium
dodecyl sulfate (SDS). Spheroplasts were recovered by centrifugation (3,000 � g,
5 min, 4°C), washed once with 10 pellet volumes of ice-cold buffer B, resus-
pended in 100 ml of buffer A (50 mM HEPES-HCl [pH 7.5], 100 mM KCl, 5 mM
magnesium acetate, 5 mM dithiothreitol, and 10% glycerol), and lysed by the
addition of Triton X-100 to 1%. Chromatin was immediately recovered by
centrifugation (30,000 � g, 20 min, 4°C), resuspended in 10 ml of buffer A
containing 0.5 M KCl, and then separated into soluble and insoluble fractions by

centrifugation (30,000 � g, 20 min, 4°C). The ORC-5 complex was purified from
the soluble fraction, as previously described (33).

Purification of S. pombe Orc4 protein. Using PCR and appropriate DNA
primers, the S. pombe Orc4 gene was isolated from a S. pombe cDNA library
(ATCC 87275) and cloned into Bluescript II SK(�) plasmid (Stratagene). Se-
quence analysis of both DNA strands from four independent clones confirmed
the published sequence of the Orc4 gene (7). The Orc4 gene was cloned into
pFastBac1 and overexpressed in insect cells according to the manufacturer’s
instructions (Life Technologies). Cells from a 2-liter culture were extracted with
30 ml of buffer A containing 1 M KCl. After centrifugation (30,000 � g, 30 min,
4°C), the supernatant was dialyzed against buffer A to reduce salt to 0.1 M. All
steps were carried out at 4°C in buffer A. Any precipitate was removed by
centrifugation, and the supernatant was adsorbed onto a Q-Sepharose column.
Orc4p was eluted at 0.4 to 0.6 M KCl in linear gradient, dialyzed against buffer
A, and then fractionated by gel filtration using Superose-12 (Pharmacia). Frac-
tions containing Orc4p were adsorbed onto a double-stranded DNA–cellulose
column, and Orc4p was eluted at 0.5 to 0.7 M KCl in linear gradient, dialyzed
against buffer A, and then loaded onto SP-Sepharose (Pharmacia) and eluted at
0.2 to 0.3 M KCl. Fractions containing Orc4p were dialyzed against buffer A
containing 40% glycerol.

DNA replication origins. A plasmid containing the 363-bp S. pombe ARS3002
sequence (49) was kindly provided by J. Huberman and digested with HindIII
and EcoRI to release the 363-bp ARS3002 sequence. The 1.2-kb S. pombe ARS1
DNA fragment was released from pESP-1 (Stratagene) by digestion with EcoRI
restriction endonuclease. An 853-bp sequence encompassing the ARS1 core (8)
was obtained using PCR and appropriate DNA primers. Control DNA consisted
of a random sequence (688 bp; 50% AT rich) isolated by digestion of pBluescript
II KS(�) plasmid with restriction enzymes SspI and EcoRI.

DNA band shift assay. DNA fragments were radiolabeled at their 5� ends
using T4 polynucleotide kinase according to the manufacturer’s instructions
(New England BioLabs). A 20-�l reaction mixture contained 5 ng of [32P]DNA,
0.5 �g of dG-dC DNA (�750 nucleotides), 50 mM HEPES-HCl (pH 7.5), 100
mM KCl, 5 mM MgCl2, 0.5 mg of bovine serum albumin/ml, 5 mM dithiothreitol,
and the indicated amounts of Orc4p and ORC-5. Reaction mixtures were incu-
bated at room temperature for 10 min before fractionating them by electro-
phoresis in a 1.2% agarose gel (Tris-borate-EDTA buffer) for 3 h at 5 V/cm and
room temperature. The gel was then dried, and [32P]DNA was detected by
autoradiography.

ORC-5 and Orc4p DNA binding assay. A 935-bp DNA fragment (5�-AGTG
CAC to GTCTTCA-3�) containing the ARS3002 origin (49) was prepared from
the S. pombe genome using PCR and appropriate DNA primers and attached to
cellulose (Sigma) (2). A longer ARS3002-containing DNA fragment was used to
improve the affinity between DNA and cellulose. A 0.5-ml sample of ARS3002-
cellulose was then incubated with 10 �g of Orc4p in buffer A, loaded into a
column, and washed with 10 ml of buffer A. Then 5 �g of ORC-5 complex was
passed through the column with a flow rate of 0.1 ml/min. After the column was
washed with 5 ml of buffer A at the same flow rate, proteins were eluted with 1.5
ml of buffer A containing 0.9 M KCl and fractionated by electrophoresis in an
SDS-polyacrylamide gel and individual proteins were identified by immunoblot-
ting using appropriate antibodies.

Chromatin-associated ORC proteins. A 500-ml culture of S. pombe (OD595 �
1) was harvested by centrifugation (2,000 � g, 5 min, 4°C), washed with water,
resuspended in 10 ml of buffer B containing 0.2 mg each of lysing enzyme and
Zymolyase per ml, and then incubated at 30°C with gentle swirling until the cells
were sensitive to 1% SDS. The cells were then harvested and resuspended in 5
ml of buffer A plus a protease inhibitor set (Roche Molecular Biochemicals) and
were lysed with 1% Triton X-100. Chromatin was immediately recovered by
centrifugation (30,000 � g, 20 min, 4°C) and resuspended in loading buffer, and
the proteins were fractionated by electrophoresis in an 8% polyacrylamide gel
containing 0.1% SDS. Orc proteins were detected by immunoblotting (33) using
antisera prepared against Orc2 and Orc6 proteins (33) that were kindly provided
by J.-K. Lee and S. Raychaudhuri (Memorial Sloan-Kettering Cancer Center,
New York, N.Y.). Antisera against Orc3, -4, and -5 were made by Cocalico
Biologicals using peptides synthesized by Research Genetics. Hemagglutinin-
tagged Orc1 was detected using the antihemagglutinin peptide (Roche Molecu-
lar Biochemicals).

In vitro footprinting assay. A footprinting assay was carried out on two S.
pombe ARS DNA fragments, ARS3002 and ARS1, according to a previously
described method (25). The ARS3002 fragment has a length of 363 bp (see Fig. 8).
The fragment can function as a weak ARS element and is able to give 30% of the
transformation frequency compared to a longer ARS3002 fragment (49). The
ARS1 fragment has a length of 853 bp with ends at 5�-CATAGTGACT and
ATTCTGTCTC-3�. This ARS1 fragment is fully active (8). 32P labeling of these

8096 KONG AND DEPAMPHILIS MOL. CELL. BIOL.



two DNA fragments at one end is described above. The DNA binding conditions
for Orc4p and ORC-5 were the same as those described for gel shift experiments.

RESULTS

Purification of ORC-5 complex and Orc4 protein subunit.
The ORC-5 complex, composed of the Orc1, -2, -3, -5, and -6
protein subunits, was isolated from S. pombe cells. Based on
silver staining (Fig. 1), the complex was more than 98% pure.
Based on immunoblotting (data not shown), the faint band
(�50 kDa) just above Orc5p resulted from degradation of
Orc1p. Both Orc2p and Orc3p appeared as two closely migrat-
ing bands. Treatment of ORC-5 samples with 	-phosphatase
converted the slower-migrating form in each case into the
faster-migrating form (data not shown). Therefore, the slower-
migrating form of both Orc2p and Orc3p was considered to be
a phosphorylated form of these subunits. Orc2p was not as well
stained by silver as were the other ORC subunits, but Coomas-
sie blue staining confirmed that the ORC-5 complex contained
an equimolar ratio of the five Orc subunits. In addition, ORC-5
exhibited ATPase activity (data not shown), as previously ob-
served for S. cerevisiae ORC (27).

The Orc4p subunit was absent from the purified ORC-5
complex, because at 0.5 M KCl, most of the Orc4p remained
bound to cellular DNA while all of the ORC-5 complex was
eluted. Although higher salt concentrations also eluted Orc4p,
a complete ORC was still not recovered, presumably due to
weak protein-protein interactions. Therefore, Orc4p was puri-
fied separately by expressing the SpOrc4 gene in insect cells
and by then eluting Orc4p from insect cell chromatin in 1 M
KCl. SpOrc4p was then purified to apparent homogeneity (Fig.
1), as described in Materials and Methods.

Binding of ORC to replication origins is dependent on Orc4
protein. To determine whether or not purified Orc4p could
bind specifically to S. pombe DNA replication origins,
[32P]DNA fragments containing S. pombe ARS3002 or ARS1

were incubated with increasing amounts of Orc4p and were
then fractionated by gel electrophoresis. ARS3002 was con-
tained in a 363-bp DNA fragment that gives 30% of the trans-
formation frequency observed with a longer DNA fragment
(12). ARS1 was contained in a 853-bp DNA fragment that
gives a 100% transformation frequency (8). Orc4p rapidly and
tightly bound to both replication origins (Fig. 2A). As the
amount of Orc4p was increased, all the free DNA formed
protein-DNA complexes of increasing complexity, suggesting
that at least two and as many as four or five Orc4p molecules
were bound to each replication origin. ATP did not affect
binding of Orc4p to either origin (data not shown). When the
same experiment was carried out using a DNA fragment of
average sequence composition that did not exhibit ARS activ-
ity in S. pombe, an equivalent level of Orc4p binding was not
observed until the ratio of protein to DNA was increased at
least 16-fold (Fig. 2A). Specificity of Orc4p for origin DNA
could also be demonstrated with competitor DNA. For exam-
ple, increasing the ratio of an unlabeled ARS3002 DNA frag-
ment to the ARS3002 [32P]DNA fragment from 1 to 16 com-
pletely eliminated binding of Orc4p to ARS3002 [32P]DNA,
whereas increasing the ratio of the control DNA fragment to
the ARS3002 [32P]DNA fragment as much as 32-fold did not

FIG. 2. Orc4p binds specifically to S. pombe DNA replication ori-
gins. (A) DNA band shift assays were carried out by incubating the
indicated amount of Orc4p with either 32P-labeled S. pombe repli-
cation origin ARS3002 (363 bp) or ARS1 (853 bp) or with a control
DNA (688 bp) consisting of an average sequence. Samples were
then fractionated by agarose gel electrophoresis, and [32P]DNA-
Orc4p complexes were detected by autoradiography. (B) Competition
between ARS3002 [32P]DNA (5 ng) and either unlabeled ARS3002
DNA or control DNA was detected by incubating the indicated molar
ratio of DNA with 2 ng of Orc4p. Molar DNA ratios were that of
unlabeled competitor DNA to [32P]DNA. Conditions were the same as
for panel A.

FIG. 1. Purified S. pombe Orc4 protein and ORC-5 complex. Pu-
rified Orc4p and purified ORC-5 complex were fractionated by elec-
trophoresis in SDS–8% polyacrylamide gels. Proteins in the Orc4p gel
were stained with Coomassie blue, and those in the ORC-5 gel were
stained with silver nitrate. Based on the migration of standard proteins
(Bio-Rad) fractionated in parallel on the same gel, molecular masses
were estimated as Orc1p (95 kDa), Orc2p (72 kDa), Orc3p (79 kDa),
Orc4p (130 kDa), Orc5p (48 kDa), and Orc6p (29 kDa).
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(Fig. 2B). These results reveal the existence of several Orc4p-
specific binding sites in S. pombe ARS elements.

To determine whether or not Orc4p binding to S. pombe
DNA replication origins was affected by the other ORC sub-
units, similar DNA band shift experiments were carried out
with Orc4p in either the presence or absence of the ORC-5
complex using [32P]DNA fragments containing either S. pombe
ARS3002 or ARS1 sequences. Low concentrations of Orc4p
alone generated at least three protein-ARS3002 DNA com-
plexes (Fig. 3, lanes 2 and 3, complexes a, c, and d). In contrast,
ORC-5 had little affinity for origin DNA, regardless of the
presence or absence of ATP (Fig. 3, lanes 6 and 10). Never-
theless, ORC-5 did alter the DNA binding pattern observed
with Orc4p when Orc4p was either prebound (Fig. 3, lanes 4,
5, 8, and 9) or included with ORC-5 before addition of DNA
(Fig. 3, lanes 7 and 11). Under these conditions, the fraction of
[32P]DNA in DNA-protein complexes a and c was reduced,
and a new DNA-protein complex (b) appeared. However, a
single ORC-ARS3002 DNA complex should migrate more
slowly than complex d, which is composed of at least three
Orc4p molecules (390 kDa) per DNA molecule, because a
single ORC is �450 kDa. Therefore, ORC-5 appeared to be
weakly bound under the conditions of this DNA band shift
assay. If it dissociated from the Orc4p-DNA complex during
the beginning of electrophoresis, then the effect would be seen
as a retardation in the migration of complex a, causing the
appearance of b. This hypothesis was subsequently confirmed
both by DNA affinity chromatography assays and by chromatin
affinity assays described below.

Taken together, the results from DNA band shift assays
revealed that Orc4p bound strongly and specifically to DNA
containing a S. pombe replication origin. Furthermore, these
assays showed that the ORC-5 complex alone bound weakly to
the same DNA. However, the ORC-5 complex did cause a
detectable band shift of Orc4p-DNA complexes, indicating a
physical interaction between Orc4p and the ORC-5 complex.

ORC-5 complex physically interacts with Orc4 protein. To
demonstrate that the ORC-5 complex did physically interact

with Orc4p under the conditions used in the DNA band shift
assays, an ARS3002 DNA fragment was attached to DNA
cellulose and tested for its ability to bind ORC-5 before and
after Orc4p was bound. Salt conditions (buffer A which con-
tains 0.1 M KCl) used in this assay were the same as those in
the DNA band shift assays. When an aliquot of Orc4p was
passed through this column, more than 95% of the protein was
retained, consistent with a strong interaction between the
Orc4p and origin DNA. In contrast, when an aliquot of the
ORC-5 complex was passed through this column, only trace
amounts of these proteins were bound to the resin (Fig. 4, lane
2). However, when an aliquot of the ORC-5 complex was
passed through resin that had been preloaded with enough
Orc4p to bind all of the ORC-5 proteins in the starting sample,
about 45% of the ORC-5 proteins were retained (Fig. 4, lane
3). This represented at least a 10-fold increase in the affinity of
ORC-5 proteins for DNA to which Orc4p was already bound.
The fact that all of the ORC-5 proteins were not retained by
the Orc4p/DNA resin suggests that the affinity between ORC-5
and Orc4p is weak. The results from these DNA affinity chro-
matography assays demonstrated that the ORC-5 complex
physically interacted with the Orc4p-DNA complex under the
conditions used above in DNA band shift assays. Together with
the results from DNA band shift assays, they suggest that
Orc4p binds to the origin DNA sequence and that the ORC-5
complex binds strongly to Orc4p, not to the DNA.

All six ORC subunits bind to chromatin throughout cell
division cycle. S. pombe is more closely related to higher eu-
karyotic cells than is S. cerevisiae (36). Therefore, since it has
been reported that one or more of the ORC subunits in mam-
mals and frogs do not remain stably bound to chromatin
throughout the cell division cycle (references 24 and 34 and
references therein), we considered the possibility that the same
might be true in S. pombe. Therefore, S. pombe chromatin was

FIG. 4. The ORC-5 complex binds to the Orc4p-origin DNA com-
plex. An aliquot of the ORC-5 complex (lane 1) was passed through
ARS3002 cellulose (lane 2) or ARS3002-Orc4p cellulose (lane 3) to
which an aliquot of Orc4p (lane 1) had been prebound (lane 4). The
column was washed with starting buffer (buffer A which contains 0.1 M
KCl) to remove unbound proteins and then with 1 M KCl (buffer A �
0.9 M KCl) to elute bound ORC proteins. ORC proteins in the eluent
were fractionated by electrophoresis in an SDS-polyacrylamide gel and
were then detected by immunoblotting using antisera against Orc1, -2,
-4, and -6 proteins.

FIG. 3. ORC-5 selectively binds to Orc4p-DNA complexes. DNA
band shift assays using [32P]ARS3002 were carried out as for Fig. 3.
The amounts of Orc4p, ORC-5, and ATP added to each reaction are
indicated. In lanes 4, 5, 8, and 9, Orc4p was allowed to bind to DNA
for 5 min before addition of ORC-5. In lanes 7 and 11, Orc4p and
ORC-5 were combined, kept on ice for 5 min, and then added to the
reaction.
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extracted under the same salt conditions used in the DNA
band shift and DNA affinity assays and was then analyzed for
the presence of ORC proteins. Cells were arrested at specific
times during their division cycle using temperature-sensitive
mutations. Cells were arrested in the G1 phase by a nonfunc-
tional cdc10 protein (required for transcription at Start [48]),
in the S phase by a nonfunctional cdc22 protein (ribonucleo-
tide reductase [14]), in the G2 phase by a nonfunctional cdc25
protein (activates cdk1-cyclin B [43]), or in metaphase by beno-
myl (an inhibitor of microtubule assembly [46]). Chromatin
was isolated and chromatin-associated proteins were fraction-
ated by electrophoresis in SDS polyacrylamide gels.

The results revealed that all six Orc proteins were associated
with the chromatin fraction at equivalent concentrations dur-
ing each phase of the cell cycle (Fig. 5). The only variation was
the appearance of a novel form of Orc2 during the G1 phase,
as previously reported for cycling S. pombe cells (30). Thus,
both the ORC-5 complex and Orc4p remained bound to yeast
chromatin in vivo throughout the yeast cell division cycle. In
addition, all six S. pombe Orc proteins remained stably bound
to chromatin under the same buffer conditions used to detect
DNA band shifts and DNA binding affinity in vitro.

Orc4 protein binds to specific sites within replication ori-
gins. To determine whether or not the S. pombe ORC binds to
specific sites within S. pombe replication origins, a 363-bp
DNA fragment containing ARS3002 was radiolabeled at one
of its 5� ends and was then incubated with increasing amounts
of Orc4p before digestion of the DNA with DNase I. The
results revealed three specific sites that were protected by
Orc4p on both strands of ARS3002 (Fig. 6). These sites were
AT-rich sequences within ARS3002 with A clustered in one
strand and T in the other (See Fig. 8).

In contrast to Orc4p, the ORC-5 complex did not bind to
specific sites on ARS3002, although it did bind this DNA
weakly. Low concentrations of DNase I that were used to
digest naked ARS3002 [32P]DNA (Fig. 7A, lane 1) failed to
digest this DNA in the presence of ORC-5 (Fig. 7A, lane 3).

However, the higher concentrations of DNase I that revealed
three specific Orc4p binding sites (Fig. 7A, lane 2) failed to
reveal any specific DNA binding sites for ORC-5 (Fig. 7A,
lanes 4 to 6). The failure to observe specific DNA binding sites
for ORC-5 did not result from overdigestion of the DNA,
because [32P]DNA in the presence of ORC-5 complex was not
digested to a greater extent than the same DNA in the pres-
ence of Orc4p. Therefore, ORC-5 complex protected DNA
from digestion by binding “randomly” along the DNA. The
ORC-5 complex also did not alter Orc4p binding specificity.
The three footprints created by Orc4p on ARS3002 DNA
remained unchanged in the presence of either ORC-5 or both
ORC-5 and ATP (Fig. 7B).

Similar experiments were carried out with an 853-bp DNA
fragment (5�-CATAGTGACT to ATTCTGTCTC-3�) contain-
ing S. pombe ARS1 in order to determine whether similar
sequences were protected in other replication origins. As with
ARS3002, Orc4p was bound to specific sites within ARS1 that
were similar to those identified in ARS3002 (Table 1). More-
over, protected region D corresponded to the rightmost 30 bp
of segment 1 identified by internal deletion or substitution
studies as having a strong effect on ARS1 activity (8).

FIG. 5. All six ORC subunits are bound to chromatin in 100 mM
KCl. To get chromatin from different phases of cells, S. pombe strains
JL197 ura4-D18 cdc10-129 (G1), JL202 ura4-D18 cdc22-M45 (S), and
JL206 ura4-D18 cdc25-22 (G2) were grown to an OD595 of 0.5 at 26°C
and were then shifted to 36.5°C for an additional 3.5 h. To arrest cells
at the M phase, 25 �g of benomyl/ml was added to a cell culture with
an OD595 of 0.5, and the culture was incubated for an additional 3.5 h.
Chromatin was prepared and analyzed as described in Materials and
Methods.

FIG. 6. Orc4 protein binds to specific sites in ARS3002. A 363-bp
DNA fragment containing S. pombe ARS3002, labeled at one of its 5�
ends, was incubated with the indicated amount of Orc4p and then
digested with DNase I (0.2 U for bare DNA, 0.5 U for 10 ng of Orc4p,
and 2 U for 40 to 80 ng of Orc4p) as previously described (25). The
DNA binding conditions for Orc4p and ORC-5 complex were the same
as described for DNA band shift experiments. Lanes G, A, T, and C
refer to DNA sequencing obtained using the dideoxyribonucleotide
method according to the manufacturer’s instructions. A DNA primer
25 nucleotides long was annealed to the 3� end of the strand that was
complementary to the 5� 32P-labeled strand in order to reveal the
sequence of the 5� 32P-labeled strand. Sequences protected by Orc4p
are indicated as A, B, and C.
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DISCUSSION

ORC specific DNA binding sites in S. pombe replication
origins. Using purified Orc proteins from S. pombe, the results
presented here demonstrate for the first time that S. pombe
Orc proteins interact with specific sites within S. pombe DNA
replication origins. These sites are recognized specifically by
the Orc4p subunit, and they are characterized by clusters of A
on one strand and T on another [(AAAA)n, (AAAT)n, or
(AATAAT)n, with n � 2]. This binding was clearly site specific,
because Orc4p did not bind either to alternating (AT)n se-
quences or to GC-rich sequences present in both ARS3002 and
ARS1. Since the presence of a protein complex containing the
remaining five ORC subunits (ORC-5) altered neither the
selection of DNA binding sites by Orc4p nor the footprint it
produced, site-specific DNA binding of the S. pombe ORC, at
least in vitro, is determined solely by its Orc4p subunit.

The Orc4p DNA binding sites identified here corresponded
to the essential regions identified by internal deletion studies.
For example, Orc4p binding sites A and B in ARS3002 corre-

sponded to DNA sequences 10 and 8, respectively, that are
required for efficient transformation (Fig. 8). On the other
hand, the smaller, and presumably weaker, Orc4p binding site
C lay within DNA sequence 6, a region that is not required for
ARS3002 activity. Multiple ORC binding sites within a single
origin would account for the observation that full activity for S.
pombe replication origins requires a larger sequence than ob-
served with S. cerevisiae (8, 12, 37).

S. pombe Orc4p is unique among Orc proteins because its N
terminus is extended by �60 kDa and contains nine AT-hook
motifs (7, 33). These AT-hook motifs are required for DNA
binding, because only the N-terminal half of Orc4p binds to
origin DNA in vitro, not the C-terminal half (7). Furthermore,
overexpression of either the N-terminal or C-terminal half of
Orc4p, as well as of intact Orc4p, markedly inhibits growth of
S. pombe. In view of the results presented here showing that
site-specific binding of S. pombe ORC proteins to replication
origins depends solely on Orc4p, overexpression of the N-
terminal domain would be expected to interfere with Orc4p
binding to replication origins in vivo. Moreover, the results
presented here showing that ORC-5 does not bind to DNA in
the absence of Orc4p suggest that the C-terminal half of Orc4p
binds to one or more of the remaining ORC subunits. In fact,
the C-terminal domain alone can form a complex with the
other Orc subunits, and the ability to immunoprecipitate this
complex without prior digestion by DNase I reveals that it is
not bound to DNA in cell extracts (33). Therefore, overexpres-
sion of the C-terminal half of Orc4p would be expected to
interfere with ORC assembly in vivo. If ORC-5 and Orc4p exist
as a stable ORC in vivo, then overexpression of intact Orc4p
would compete with ORC for binding to replication origins. If
not, then overexpression of Orc4p may interfere with cell
growth by causing ORC-5 to bind nonproductively to non-
origin, AT-rich DNA sequences.

Taken together, these results provide compelling evidence
that S. pombe employs a novel mechanism for site-specific
initiation of DNA replication in which a single ORC subunit
determines where on the genome an ORC is assembled. Al-
though other eukaryotes lack an ORC subunit that contains
multiple AT-hook motifs, such a model may apply if they
contain an AT-hook protein that binds to one of their ORC
subunits.

FIG. 7. The ORC-5 complex neither binds to specific sites of its
own nor alters the binding pattern of Orc4p. The experiment described
for Fig. 6 (Watson strand) was carried out in the presence of the
indicated amounts of Orc4p, ORC-5 complex, and ATP using the
amounts of DNase I indicated. When both Orc4p and ORC-5 were
used, they were mixed together before addition of [32P]DNA. Pro-
tected regions A, B, and C are indicated.

FIG. 8. The 363-bp sequence for ARS3002 (49) was used for DNA
band shift assays and for in vitro footprinting experiments. Regions A,
B, and C, protected by Orc4p, are in boldfaced italics. Two regions
required for ARS3002 activity (deletions 8 and 10 [49]) are doubly
underlined. One region not required for ARS3002 activity (deletion 6)
is wavily underlined. This region contains a block of alternating AT
residues.

TABLE 1. Sites within the S. pombe ARS1 sequence
that are protected by Orc4pa

Designation Sequence

A ..................................243-TTTTTATTGAATAATATTTTA-263
B...................................368-AAAAATTAAATAAT-381
C...................................542-AAATTAAAAAA-552
D ..................................875-TTACAAAAAATACAAATT-892

a ARS1 is nucleotides 71 to 1264 in pESP-1 (GenBank accession no. U67875).
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ORC DNA binding specificity. Previous results have shown
that the six S. pombe Orc subunits can be coimmunoprecipi-
tated when their genes are transcribed and translated in vitro
(33), suggesting that all six subunits are bound to chromatin as
a single protein complex. The results presented here (dia-
grammed in Fig. 9) clearly show that the ability of this complex
to recognize DNA replication origins is dependent solely on
the Orc4p subunit. First, a complex of ORC subunits 1, 2, 3, 5,
and 6 (the ORC-5 complex) exhibited very weak binding to
DNA in vitro. In the presence of 0.1 M KCl, it altered the
DNA band shift pattern of only a small amount of the
[32P]DNA probe (compare lanes 1 with lanes 6 and 10 in Fig.
3) and provided only slight protection of [32P]DNA against
DNase I (compare lanes 3 and 6 in Fig. 7A). Second, since
neither the presence nor absence of the ORC-5 complex made
any difference in the DNase I digestion pattern (Fig. 7),
ORC-5 was randomly associated along the DNA sequence.
Therefore, since S. pombe initiates DNA replication at specific
DNA sequences and since S. pombe Orc proteins are required
for DNA replication and cell cycle progression (7, 18), inter-
action of the S. pombe ORC with DNA appeared to be deter-
mined solely by the Orc4p subunit.

This hypothesis is supported directly by six lines of biochem-
ical evidence. First, only Orc4p bound tightly and specifically to
origin DNA (Fig. 2 and 3). Second, only Orc4p produced
site-specific protection against DNase I (Fig. 6 and 7). Third,
only in the presence of Orc4p did the ORC-5 complex alter the
DNA band shift pattern on ARS3002 (Fig. 3). Fourth, only in

the presence of Orc4p did the ORC-5 complex bind to DNA
cellulose containing an S. pombe replication origin (Fig. 4).
Fifth, all six ORC subunits remained on S. pombe chromatin
under the same ionic conditions (0.1 M KCl) used to measure
Orc protein binding to DNA. Extraction of the complete six-
subunit complex from chromatin requires high-salt or DNase I
treatment, presumably reflecting the unique DNA binding
properties of the Orc4p subunit (33). Finally, whereas ATP
affects binding of S. cerevisiae ORC to DNA (27), ATP did not
affect binding of S. pombe Orc4p (
 ORC-5) to DNA. Thus,
unlike the S. cerevisiae ORC in which several subunits make
specific contacts with origin DNA (26), the S. pombe ORC
appears to use only the large N-terminal, AT-hook domain of
its Orc4 subunit to bind origin DNA.

The existence of multiple ORC binding sites in a single S.
pombe replication origin of 500 to 1,500 bp differs strikingly
from what was found in budding yeast. S. cerevisiae replication
origins each bind a single ORC molecule and initiate replica-
tion at a single nucleotide site (4). Replication origins in S.
pombe require a much larger sequence for a full ARS activity
(8, 12, 23, 37), consistent with the hypothesis that several
SpORC molecules must bind to a single origin for efficient
initiation of DNA replication. Multiple, closely spaced ORCs
may facilitate recruitment of S. pombe Cdc18 and Cdt-1 pro-
teins in the assembly of a prereplication complex.

How does Orc4p recognize specific sequences? The AT-
hook motif was first discovered in the HMG-I(Y) proteins, a
family of proteins �10 kDa in size that usually contain three
AT-hook motifs (39). These hook motifs bind to the narrow
groove of AT-rich sequences where each motif covers approx-
imately 5 or 6 bp and collectively can alter DNA conformation
such as bends and supercoils (35). Although HMG-I(Y) pro-
teins can bind to any stretch of 6 AT bp in duplex DNA, its
affinity may differ among those AT sequences due either to the
length of the AT sequence or of their flanking sequences (44).
Such parameters could allow the AT-hook motifs in S. pombe
Orc4p to identify specific sequences.

S. pombe Orc4p DNA binding differs from that of HMG-
I(Y) proteins in several important ways. SpOrc4p binds to
highly asymmetric AT-rich sequences with A in one strand and
T in the other but not to alternating AT rich sequences.
SpOrc4p is eluted from chromatin by �0.6 M KCl, while
HMG-I(Y) proteins are eluted by 0.35 M KCl (6). Therefore,
consistent with its larger number of AT-hook motifs, SpOrc4p
binds more tightly to chromatin than HMG-I(Y)p. Finally, in
contrast to HMG-I(Y) proteins, we did not detect DNA bend-
ing by SpOrc4p alone or in the presence of ORC-5 complex
(data not shown).

The number of AT-hook motifs utilized by S. pombe Orc4p
may differ from one DNA site to another, because the pro-
tected regions A and B in ARS3002 were only 20 to 30 bp (Fig.
6 and 8), consistent with four or five bound AT-hook motifs,
while protected region C was only 5 to 10 bp, consistent with
only one or two bound AT-hook motifs. The presence of mul-
tiple DNA binding sites in replication origins that differ in their
affinity for Orc4p would account for the observation that in-
creasing the ratio of Orc4p to origin DNA increased the num-
ber of protein-DNA complexes detected in DNA band shift
assays (Fig. 2 and 3).

FIG. 9. Site-specific DNA binding by the S. pombe ORC is deter-
mined solely by the Orc4p subunit, which directs ORC to several
specific sites (rectangular boxes in corners) within S. pombe DNA
replication origins. In vitro, purified ORC-5 complex did not bind to
replication origins in the absence of purified Orc4p, but in vivo, Orc4p
and ORC-5 may exist as a single protein complex that binds to newly
replicated origins in a single step.
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Relationship between S. pombe and metazoans. Replication
origins in the metazoans are more similar in size and complex-
ity to those in S. pombe than to those in S. cerevisiae (10). In
addition, metazoan ORC proteins are more homologous to S.
pombe ORC proteins in size and amino acid composition, with
the exception of Orc4p, which in S. pombe contains an addi-
tional 60 kDa consisting of nine AT-hook motifs (33). Since
both the human lamin B2 origin (1) and the S. pombe ARS1
origin (17) appear to initiate leading-strand DNA synthesis at
a single specific nucleotide location, it is possible that mam-
malian replication origins also contain multiple ORC binding
sites. Moreover, Drosophila replication origins appear to con-
sist of multiple AT-rich discrete initiation sites similar to those
found in S. pombe (21). Missing so far in the metazoans is a
protein containing multiple AT-hook motifs that interacts with
ORC and guides it to specific AT-rich sequences in metazoan
replication origins. One candidate for such a protein is the
Drosophila D1 protein, which contains seven AT-hook motifs
(47). Its distribution along the chromosomes (40) is similar to
that of DmOrc2p (38).

None of the S. pombe ORC subunits dissociated from S.
pombe chromatin during the cell division cycle (Fig. 5), con-
firming a previous report that S. pombe Orc1, Orc2 and Orc5
are bound to chromatin throughout the cell cycle (30), and
extending it to include Orc3, Orc4 and Orc6. Thus, in this
respect, S. pombe is similar to S. cerevisiae. S. cerevisiae ORC is
stably bound to chromatin throughout the cell cycle (11, 16,
28), while Xenopus ORC appears to be released from chroma-
tin during mitosis (9, 15, 19, 41, 42). In mammals, the Orc1p
subunit becomes unstably bound during the S-to-M transition
and then rebinds stably to chromatin during the M-to-G1 tran-
sition (24, 34; J.-K. Li and M. L. DePamphilis, unpublished
results). Therefore, despite the fact that origin complexity in S.
pombe resembles that in the metazoans, regulation of ORC
activity in S. pombe appears to differ from that in multicellular
animals.
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